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NASA Facilities/Equipment used for this project:

. Meetings to update research team and exchange ideas were held at Ames Research Center,

Moffett Field, CA and Johnson Space Center, Houston, TX.

. Laboratories and conference rooms at Kennedy Space Center were utilized when Shuttles

returned from space with our plant samples.

Number of Funded Students:

Pre-college: (0) Undergraduate: (19) Graduate: (6) Post-doctorah (1)

Sixteen of these 19 undergraduate students applied and were accepted into graduate school at

various universities. These students were highly recruited by several universities such as North

Carolina State, Iowa State, Illinois, Michigan State, Oregon State, Penn State, Utah State etc.

Some of these students will soon graduate with M. S. degrees; others are aiming for higher

degrees. All of the students indicated that they were influenced by their research experience on

NASA projects.

Was a final report for this project submitted to NASA during FY99?

Yes, except for the current document 1999, to which we responded, we have not receive any

documentation calling for a summary of activities for FY 2000-2001.

Abstract:

The Mir Space Station provided an outstanding opportunity to study long-term plant responses

when exposed to a microgravity environment. Furthermore, if plants can be grown to maturity in a

microgravity environment, they might be used in future bioregenerative life-support systems

(BLSS). The primary objective of the Greenhouse experiment onboard Mir was to grow Super

Dwarf and Apogee wheat through complete life cycles in microgravity; i.e., from seed-to-seed-to-

seed. Additional objectives were to study chemical, biochemical, and structural changes in plant

tissues as well as photosynthesis, respiration, and transpiration (evaporation of water from plants).

Another major objective was to evaluate the suitability of the facilities on Mir for advanced

research with plants. The Greenhouse experiment was conducted in the Russian/Bulgarian-

developed plant growth chamber, the Svet, to which the United States added instrumentation

systems to monitor changes in CO 2 and water vapor caused by the plants (with four infra-red gas

analyzers monitoring air entering and leaving two small plastic chambers). In addition, the U.S.

instrumentation also monitored 02; air, leaf (IR), cabin pressure; photon flux; and substrate

temperature and substrate moisture (16 probes in the root module). Facility modifications were

first performed during the summer of 1995 during Mir 19, which began after STS-72 left Mir.

Plant development was monitored by daily observations and some photographs. Plant samples



werecollectedfive timesduring the1995experimentfor chemicalfixation or drying, and at final

harvest. Samples were returned to Earth on STS-74 in November 1995. Because four of six light

sets failed at the beginning of the experiment, plants grew very poorly; no seed heads were

formed. The experiment was repeated in 1996 in the Svet greenhouse onboard the Russian Space

Station, Mir, and in ground-based "mock-up" greenhouse controls as part of NASA 3, using new

lamp banks and other equipment. Of the 104 seeds planted in the root module, 73 % of the seeds

germinated in root compartment one and 56 % in two. The plants grew extremely well, producing

far more biomass than in any other plant experiment in space and formed floral spikes, but seeds

failed to form in the ca. 280 heads that developed. Plants were grown throughout the whole cycle

of ontogenesis (123 d) with samples gathered to validate the morphological, embryological,

cytological, reproductive and productive characteristics of the plants. We estimate that the fresh

biomass would have exceeded a kilogram if all plants had been allowed to develop to maturity.

Plant samples were retumed to Earth on STS-81 in January 1997. Comparative analyses showed

that the number of tillers and flowers per spikelet were 63.2 % and 40 % greater, respectively, in

flight-grown plants than in the ground-based controls. By contrast, the culm length (52.4 %),

spike mass (49.2 %) and length (23.1%), arista (awn) length (75.7 %) and number of spikelets per

spike (42.8 %) from flight-grown plants were significantly less than the controls. Although wheat

spikes were produced over a four to five week period, all florets ceased development at the onset

of anthesis, resulting in 100 % sterility. Examination of the florets via light and scanning electron

microscopy indicated that the anthers failed to dehisce and the pollen grains were smaller and

shriveled compared to the ground-based controls, suggesting a chronic stress had occurred in the

Svet growth chamber. At present, it appears that the failure of seed formation was caused by

ethylene, a gaseous plant hormone, which was measured at 1.1 to 1.7 mg kg -_ in the Mir cabin

atmosphere, while CO 2 levels varied from 4,000 to 10,000 umol • mol -_. Green plants from a

second planting were harvested when they were 42 days old and frozen in the GN2 freezer.

Task Progress: (Please describe research accomplishments during the past year)

Iodine and silver fluoride were used to purify water onboard U. S. Shuttles and the Russian Space

Statio, Mir, respectively. In 1995, iodine-treated water, which ranged from 1.0 to 4.0 mg. kg 1

with a mean of 2.9 mg. kg 1 was applied to Super Dwarf wheat (Triticum aestivum L.) plants

when Mir water (grey or tech grade) became scarce. Since the potential phytotoxicity of iodine

and silver fluoride on Super Dwarf wheat is an unknown and not a part of the experiments

onboard Mir, we sought to determine whether these chemicals accounted for the subsequent poor

wheat seedling growth and floral development onboard the Mir. Seedlings exposed to 1.0, 2.0 and

4.0 mg. kg 1 of iodine or silver fluoride levels were not significantly different from the control

shoot growth (Fig. 1). Although not shown, the root growth also showed a response similar to the

shoot growth. Both disinfectants at 8 and 16 mg. kg t showed significantly (p g 0.01) reduced

seedling shoot and root lengths and fresh biomasses compared to the control and lower

disinfectant levels (Tables 1 and 2).



Plantbreedershaveused4,000to 8,000mgkg-1of thechemicalherbicide,Etheral,which
degradesto ethylenegas,to inducemalesterility in anattemptto producehybrid cereals.
However,aperusalof the literatureindicatesnocontrolledstudieshavebeendoneto implicate
ethyleneat the levelsmeasuredon theMir. To ascertainif SuperDwarf wheatplants'were
sensitiveto theselevelsof ethyleneandwhetherfailureof seedformationresulted,ground-based
experimentswereconductedto exploreplausibleconditionsthatwould inducesimilar responses
in plantsobservedon theMir. SuperDwarf seedswereplantedin 0.071m2hydroponicplastic
flatsandcoveredwith 2-mmdiameterextrudeddiatomaceousearthandplacedin six plexiglass
hydroponiccylinders.Thecylinderswerethenplacedin a controlled-environmentchamber.Pure
CO2andethylenegasesweremixedwith filtered air andwheatplants'exposureto ethylenegas
dilutionsof 0, 1,3, 10and 20mgkg1 plus 1200umol mor t CO2began7 d afteremergenceand
continuedthroughto maturity (Tables3 and4). Recirculatingnutrientsolutionsspecifically
developedfor wheatwerepumpedinto eachcylinder.Gaslevelsof eachplant cylinderwere
controlledby smallrotametersandmonitoredby gaschromatography.Plantdensitywasthinned
to approximately30plantspercylinderat emergence.Fourteendaysafterplanting,thedaily
photoperiodwassetto a20/4h d/nregime.

All ethylene-treatedplantsproducedspikesat approximatelythesametime.However,plant
height,awnlengthandtheflag leafweresignificantlyshorterin theethylene-exposedplants
comparedto thecontrols.Leafepinasty(longitudinalleaf rolling) wasvisually evidentat all
ethylenelevelsandalongwith theaboveplantparametersappearto besensitivityindicatorsof
ethylene'spresencein closedenvironments.Seeddevelopmentandyield werenormalin the
controlplants,but all ethylene-treatedplantsin this ground-basedexperimentexhibited100%
sterility. In a laterexperiment,ethylenetreatmentsof 0.0,0.25,0.50,0.75and1mgkg1applied
to thewheatcultivar,Apogee,significantlyreducedseedyieldscomparedto thecontrols(Fig.
2A & 2B).Also, therewasalineardecreasein theabovecitedparameterswith increasing
ethylene.Interestingly,1mgkg-_ethylenewasappliedto onegroupof plantsuntil theonsetof
anthesisandthenremovedthroughmaturity (Fig. 3). Althoughtheseplantsexhibitedthe
sensitivityindicatorsof ethylene,removingtheethyleneprior to anthesisshowednosignificant
differencein seedyield comparedto thecontrols.

Scanningelectronmicroscopicexaminationof floretsfrom Mir-grown andethylene-treatedEarth-
grownplantsshowedthatdevelopmentceasedprior to anthesisandtheanthersdid notdehisce
(seeFigs 1-6in attachedmanuscript).Laserscanningconfocalmicroscopicexaminationof pollen
grainsfromtheMir andethylene-treatedplantsin theEarthexperimentexhibitedzero,oneand
occasionallytwo, but rarelythreenuclei,whereascontrolplantswerenormallytrinucleate.(see
Fig 7 in attachedmanuscript).Of all theground-basedexperimentswehaveconducted,which
haveincludediodine,irradiance,temperature,CO2andethylenelevels,photoperiodandlight
intensity,onlywheatplantsexposedto ethylenegashaverepeatedlyexhibitedresponsesthat
mimic thoseobservedinplantsgrownon theMir. Thefailureof anthersto dehisce,thepaucityof
trinucleatepollen andabruptcessationof developmentof floretsatthesamestageof ontogenyin
all plantssuggesteda chronicstressontheplantsthatinducedmalesterility.Sincetheliteratureis
repletewith theuseof ethyleneto inducemalesterility in cereals,a strongcasecanbemadethat



the1.1to 1.7 mg kg_ of ethylene measured onboard the Mir Space Station could have accounted

for the observed wheat sterility. Results of these studies provide essential prerequisites to the

design and capacity of scrubbing equipment for hydrocarbons in BLSS. Resolving this limitation

of space grown plants to provide food and other amenities to flight crews should be of high

priority for future long-term space travels.

Earth Benefits: (Please update as necessary)

Plant physiologists have studied plant responses to gravity for well over a century, but we still

have little understanding of how a plant can respond to even slight changes in the direction of

gravitational acceleration. Tip a vertical stem of a seedling a few degrees from the vertical, and it

will be vertical again within a few hours. Thus it would not be surprising if plants grew

abnormally in a microgravity environment. Our Mir-grown experiment suggests that healthy

plants can be grown in microgravity, and even that orientation will not be a serious problem. It is

highly likely that suitable atmospheric control (e.g., elimination of ethylene) will permit seed

formation and development in microgravity. Thus, there is little reason to doubt that wheat and

other plants can be used as a food source for future astronauts, purifying the atmosphere in the

process. The basic understanding gained in our space experiments, plus the ground studies that

support the space experiment, may well have future application in agriculture as well as basic

biology.
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Some peculiarities of water supply to the root medium during plant growth in

microgravity. Second International Aerospace Congress. Moscow, Russia, Aug. 31-Sept.

5.

Strickland, D. T., W. F. Campbell, F. B. Salisbury, and G. E. Bingham. 1997.

Morphological assessment of reproductive structures of wheat grown on Mir. ASGSB

Annual Meeting, Bulletin 11(1): 14.

Campbell W. F., D. L. Bubenheim, B. G. Bugbee, F. B. Salisbury, G. E. Bingham, P. S.

Hole, G. Iljina, T. Veselova, D. T. Strickland, E. Naegle, W. R. McManus, M. Levinskikh,

V. N. Sytchev, I. Podolsky and G. Jahns. 1998. Lessons learned from Greenhouse -

I\integrated wheat experiments in Svet on Mir. Third Phase 1 Research Symposium, Nov.

3-5, 1998, Huntsville, Alabama.
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Meeting Papers (Proceedings) (author(s), title, proceedings name and location, date)

. Bingham, G. E., S. Jones, I. Podolsky (Moscow IBMP), and B. S. Yendler (NASA Ames,

Moffett Field, CA), 1994. Moisture Sensor for Use in Microgravity. Technical Report,

NASA Ames, MIR Project Office, April 15.

. Salisbury, F. B., W. F. Campbell, J. G. Carman and G. E. Bingham. 1995. Growing Super-

Dwarf wheat through a life cycle on Space Station Mir. Life Sciences & Space Medicine

Conf., Houston, TX. April 3-7, 1995.

, Yendler, B. S., G. Bingham, S. Jones, and I. Podolsky. 1995. Moisture sensor for use

in microgravity. SAE Tech. Paper No. 951471. 25th International Conference

on Environmental Systems, 11-13 June, San Diego, CA.

. Bingham, G. E., S. B. Jones, I. Podolski, and B. Yendler. 1996, Porous

Substrate Water relations observed during the greenhouse II flight experiment

(MIR Space Station - 1995). 26th International Conference on Environmental

Systems, Monterey, CA, July 8-11

, Bingham, G. E., S. B. Brown, F. B. Salisbury, W. F. Campbell, J. G. Carman,

G. Jahns, D. Pletcher, D. B. Bubenheim, B. Yendler, V. Sytchev, M. A.

Levinskikh, and I. Podolski. 1996, Plant growth and plant environmental

monitoring equipment on the Mir Space Station: Experience and data from the

Greenhouse II experiment. 26th International Conference on Environmental

Systems, Monterey, CA, July 8-11

. Salisbury, F. B, G. E. Bingham, W. F. Campbell, J. G. Carman, P. Hole, L. S.

Gillespie, V. Sytchev, M. A. Levinskikh, I. Podolski, D. B. Bubenheim, and B.

Yendler,. 1996, Growth of Super Dwarf wheat on the Russian Space Station

MIR. SAE Technical Paper Series No. 961392, 26th International Conference

on Environmental Systems, Monterey, CA, July 8-11
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Conference, July 7-11, 1997, Moscow, Russia.
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Symposium, NASA/ARC, Moffett Field, CA, March 31 -April 1, 1998.

Campbell, W. F., D. L. Bubenheim, F. B. Salisbury, G. E. Bingham, G. Fljina,

V. Tatijana, D. T. Strickland, W. R. McManus, M. Levinskikh, V. N. Sytchev,

I. Ivanova, L. Chernova, and I. Podolski. 1998. Male sterility in Mir-grown

wheat. Second Phase 1 Research Program Results Symposium, NASA/ARC,

Moffett Field, CA, March 31-April 1, 1998.

Campbell W. F., D. L. Bubenheim, B. G. Bugbee, F. B. Salisbury, G. E.

Bingham, P. S. Hole, G. Iljina, T. Veselova, D. T. Strickland, E. Naegle, W. R.

McManus, M. Levinskikh, V. N. Sytchev, I. Podolsky and G. Jahns. 1998.
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Mir. Third Phase 1 Research Symposium, Nov. 3-5, 1998, Huntsville, Alabama.

Monje, O., B. Bugbee and G.E. Bingham. 1998. Modeling Canopy

Transpiration: Lessons form Controlled Environments. Crop Simulation

Workshop. Beltsville, MD. April 5-8.
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Academic Dissertations / Theses (author, title, institution, date)

. Liming Jiang. 1997. Development of Super-Dwarf wheat under stress

conditions simulating those on the Space Station, Mir. M. S. Thesis. Utah State

University Library.

. Ruben Nan. 1997. Effects of CO2, light, photoperiod and water potential on

levels of hormones in wheat (Triticum aestivum L.). Ph. D. Dissertation. Utah

State University Library.

Books or Book Chapters (author(s), chapter title, book title, publisher, date)

NA

Government Publications (author(s), title, technical memorandum number, date)

NA

Presentations ] Lectures (speaker, title, forum title and location, date)

NA

Patents (author(s), title, patent number or pending designation, date)

NA

Awards (awardee, title of award, presenting organization, date)

° Biesinger, H., W. F. Campbell, T. Strickland, F. B. Salisbury, P. S. Hole, L.

Gillespie, M. Levinskikh, and I. Ivanova. 1996. Super Dwarf Wheat Responses

to Gradient Irradiance. 77 th Ann. Meet. Western Region-American Society for

Horticultural Science -- Pacific Division of the American Association for the

Advancement of Science (WR-ASHS/PD-AAAS). Vol. 15:34. San Jose State

University, June 23-27, 1996. (Award For Excellence in Student Poster

Paper Competition).
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Strickland, D. T., H. Biesinger, W. F. Campbell, F. B. Salisbury, P. S. Hole,

L. Gillespie, M. Levinskikh, and I. Ivanova. 1996. Histochemical Assessment

of Ground-based and Mir-grown Wheat. 77th Ann. Meet. WR-ASHS/PD-

AAAS. Vol. 15:55. San Jose State University, June 23-27, 1996. (Award For

Excellence in Student Poster Paper Competition).

Biesinger, H., D. T. Strickland, W. F. Campbell, F. B. Salisbury, and W. R.

McManus 1997. SEM and EDX of Crystals Found on Leaves of Wheat

Grown under Microgravity Conditions. PD-AAAS/WR-ASHS Ann. Meet.

June 22-26, 1997, Oregon State University, Corvallis, OR. (Award For

Excellence in The WR-ASHS Student Poster Paper Competition).

Strickland, D. T., W. F. Campbell, H. Biesinger, F. B. Salisbury and W. R.

McManus. 1997. SEM Investigations of Reproductive Morphology of Mir-
Grown Wheat. PD-AAAS/WR-ASHS Ann. Meet. June 22-26, 1997, Oregon

State University, Corvallis, OR. (Award For Excellence in Student Poster

Paper Competition in The WR-ASI-IS, The PD-AAAS-wide Robert I.
Larus Travel Award, And An Honorable Mention at The National AAAS

Meeting, Philadelphia, Pa, Feb. 1998).

Naegle, E., D. Cook, D. T. Strickland, W. R. McManus, W. F. Campbell and

B. Bugbee. 1998. Morphometric and Microscopic Assessment of Ethylene-
Treated Wheat. 79 th Ann. Meet. PD-AAAS/Biology 17(1):37. Ann. Meet.

June 28-July 2, 1998, Utah State University, Logan, UT. (Award for

Excellence in Student Poster Paper Competition in the Biological

Sciences Division and the PD-AAAS-wide Award for the Best Student

Poster Paper).

Group Achievement Award from The National Aeronautics and Space

Administration (NASA) "In recognition of their outstanding contribution in

the support, development, operations, and implementation of NASA's

objectives in the Shuttle/MIR Science Program, 1997."

NASA/USU Research Team were Finalist in 1998 in the USU's Robins

Achievement Awards -"Growing Wheat in Space."

Other

I .

.

Campbell, W. F. 1994. Preparation for MIR Space Station production.

Science Workshop June 18-23, 1994, NASA/ARC, Moffett field, CA.

Campbell, W. F. 1994. Germination, growth and development of wheat in

preparation for MIR space station production. Science Workshop, Nov. 14-

18, 1994. Institute of Biomedical Problems, Moscow, Russia.
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.

Campbell, W. F. 1996. Growing Wheat in Space. Great Salt Lake Chapter

Health Physics Society. June 29, 1996. USU Campus.

Levinskikh, M. A., V. N. Sytchev, I. G. Podolski, T. A. Deredjaeva, F. B.

Salisbury and W. F. Campbell. 1997. Peculiarities of Super Dwarf wheat

growth and development in greenhouse Svet in ground and space

experiments. NASA-3, Mir-10-20 Science Working Group Conference, July

7-11, 1997, Moscow, Russia.

Impact on America (This information is for internal NASA use only; it will not be

published).

Information and experience we have gained in attempting to grow wheat plants

from seed-to-seed on the Russian Space Station, Mir, will lead to the successful

growing of plants in microgravity environments.

Who Uses This Research (Briefly describe what other researchers are using these results)

Various disciplines involved with constructing Svet growth chambers or

greenhouses to be used on the International Space Station. Also, industries

involved in developing instruments to monitor the responses of plants to

environmental changes occurring at different stages of ontogeny.

Industrial Affiliates (Please list the names of industrial affiliates)

NA

New Technologies (What new technologies have emerged from this research)

A new and improved instrumentation system was developed to monitor changes in

CO 2 and water vapor caused by the plants (with four infra-red gas analyzers

monitoring air entering and leaving two small plastic chambers) in Svet onboard

the Mir. In addition, the U. S./Russian team improved instrumentation to monitor

02; air, leaf (IR), cabin pressure; photon flux; and substrate temperature and

moisture (16 probes in the root module).

Research and development of a new wheat cultivar, Apogee, which has greater

resistance to ethylene gas than does the Super Dwarf. In recent experiments,

Apogee has developed seed while growing on the Mir, thus, indicating differential

tolerance to ethylene gas.
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Our recent experiments suggest that healthy plants canbe grown in microgravity,
and perhaps that even orientation will not be a serious problem. We have
demonstrated that ethylene only affects the wheat plants during anthesis (probably
during meiosis). It is highly likely that atmospheric ethylene canbe scrubbed
during this critical stageof ontogeny, thereby, permitting seedformation and
development in microgravity. Thus, we areoptimistic that Apogee wheat or newer
cultivars and other plants canbe usedfor food and oxygen production while
eliminating carbon dioxide andnitrogenous wastes, basic aims of BLSS, which are
critical to mankind's long-term presencein spaceor reducedgravity environments.
Also, the basic information gained in our spaceand ground-based research may
well have future application in agriculture aswell asbasic biology.

Current Employers of Former Graduate Students (Please list current employers)

1. Liming Jiang is working for a commercial greenhouse in Virginia.

2. Ruben Nan is working for DeKalb Seed Company, which is a subsidiary of

Monsanto Chemical Co.

Magazine Covers (Publication, date, brief description)

The wheat pollen grown on the Russian Space Station, Mir, was magnified about

500 times and shown on a locally published magazine cover.

Popular Press Coverage (Please list coverage from newspapers, radio, television, etc)

Newspaper Items describing the growing of wheat in space were published in the

Herald Journal, Logan and the Salt Lake Tribune, Salt Lake City, UT.

September 23, 1999

USU SCIENTISTS AWAIT FIRST SPACE WHEAT FROM SPACE-GROWN

SEEDS

LOGAN - There were just four tiny, very important seeds, and plant scientists at

Utah State University could't wait to get a first-hand look at them. The wheat

seeds, which recently were returned to Earth with the last cosmonauts from the

Russian Mir Space Station, are the only known living things (other than fungi) that

were grown in space from seeds harvested from other space-grown plants.
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Project manager Gail Bingham, Professor of plants, soils and biometeorology and

researcher at the Space Dynamics Laboratory, said the USU team expects to get its
first hands-on look at the seeds in late October when a colleague from the Institute

of Biomedical Problems Research in Moscow arrives in Logan. Plant scientists Bill

Campbell, John Carman and Bruce Bugbee plan to conduct germination and genetic

experiments with the seeds at USU

The wheat variety, named Apogee, is a fast-growing, dwarf variety specially bred

by Bugbee in a NASA-supported project. Apogee was developed for its compact

size suited for use in small growth chambers typical of those used for space

experiments.

USU's connection with space farming aboard Mir goes back to 1995 when an

experiment produced a crop of strangely twisted plants. That first wheat crop was

planted by U. S. Astronaut Shannon Lucid during her six month stay aboard Mir

and tended and harvested by John Blaha who took her place on the space station

crew, looked very promising. But when scientists on the ground got a look at the

wheat they found the experiment had produced beautiful, but sterile plants with so

seeds in the heads.

"Ground testing and studying data from the space growth chamber have confirmed

that there was a build-up of ethylene gas in the Mir Cabin," Bingham said.

"Ethylene is a plant hormone used in plant breeding to suppress yield. And we got

sterile plants in ground control tests when plants were exposed to ethylene."

Bingham said after the U. S. left Mir the Utah State group continued to work with

the Russians and Apogee was planted. Although they had very low germination

rates -just 10 percent compared with 95 percent on the ground- 20 plants grew

and produced the same seed numbers as did ground control plants. More than 500
of those seeds returned to Earth with cosmonauts in March 1999 and 10 seeds from

the crop of space wheat were left aboard Mir and planted.

One of the ten seeds produced a plant with the usual two heads, Bingham said, and

those two heads produced four seeds.

"We checked with ground controllers and found that they were concerned about

methane build-up on Mir at the time the first generation of wheat was growing so

they ran scrubbers for that which also scrubbed ethylene out of the air. That helped

improve conditions for us too," Bingham said. The second generation of plants

produced the kind of yield we see in the presence of ethylene."

The USU team isn't just sitting back and waiting for the space seeds to arrive. They

are busy conducting more ground-based tests in carefully controlled growth

chambers and working with their Russian colleagues to propose other space-based

experiments. While some talk of Mir still being in usable condition, Bingham
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believes its days as amicrogravity laboratory areover.

"The Russians are in such terrible financial shapeI think they're being forced to
admit that they just can't support Mir any longer," Bingham said. "We are
negotiating with the Institute for Biomedical Problems in Moscow for new
experiments on the International SpaceStation."

USU canoffer hardware for the experiment and the science already done by
Bingham, Bugbee and Campbell. The Russian scientists canoffer expertise gained
through yearsof using Mir as amicrogravity laboratory and the earliest opportunity
for USU to have long-duration experiments in space.

"There are about 400 people with proposals competing for the first four U. S. slots
on the International SpaceStation," Bingham explained. "Working with the
Russiansmeanswe areone of just 2 or 3 proposals for their slots.
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Table 1. Effects of Iodine- and Silver Fluoride-treated Water on Super Dwarf Wheat Seed

Germination, Shoot and Root Length and Fresh Biomass (Paper Towers, 8 d).

Level Length (cm) Fresh Biomass (g)

(mg/kg) Seed Germ. @ Shoot Root Shoot Root

..................................... gF .........................................

0.0 85 ab 11.4 e 9.5 a 3.1 c 3.7 b

1.0 85 ab 11.4 e 20.0 a 2.9 c 2.7 e

2.0 80 ab 11.2 ef 19.6 a 2.5 d 4.3 a

4.0 90 a 10.7 ef 15.1 b 2.2 d 3.4 c

8.0 83 ab 10.8 ef 14.7 bc 2.5 d 3.1 cd

16.0 78 b 9.7 g 14.2 c 2.3 d 3.0 de

..................................... Iodine ........................................

0.0 83_ 15.3c 18.6b 5.1b 2.7e

1.0 73c 16.5b 19.2a 4.7b 2.3f

2.0 59d 17.8a 20.9a 7.3a 3.2c

4.0 64d 14.8d 17.5c 5.0b 1.9g

8.0 59d 10.0g 10.9g 1.0f 1.4h

16.0 43e 8.7h ll.4f 1.4e 0.8i

@Letters Following Numbers Within a Column Indicate they are Significantly Different p _<0.01.



Table2. Effectsof IodineandSilverFluoride-treatedWateron theNumberof Spikelets
perSpike,FloretsperSpikelet,SeedsperSpikeandSeedWeightperSpikeof
SuperDwarf Wheat

Level Spikelets/ Florets/ Seeds/ SeedWt (g)/
(mg/kg) Spike Spikelet Spike Spike

AgF

0.0 20.3c 3.0c 14.6b 2.6b

1.0 20.8b 3.1c 10.3d 2.5b

2.0 22.6a 2.5d 14.5b 2.4b

4.0 21.3b 3.1c 15.3b 3.2a

8.0 9.7g 2.5d 5.8f 1.2d

16.0 9.5g 2.4d 5.4g 1.5d

Iodine

0.0 22.0a 3.1c 17.5a 3.1a

1.0 21.0b 4.0a 15.2b 2.3b

2.0 19.1d 3.0c 13.8c 2.5b

4.0 18.3e 3.5b 13.8c 1.6c

8.0 15.2f 2.8cd 7.0e 0.8e

16.0 0.Oh 0.0e 0.0h O.Of

@LettersFollowingNumbersWithin aColumnIndicatetheyareSignificantlyDifferentp _<0.01.
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Summary

To study plant growth in microgravity, we grew Super Dwarf wheat (Triticum aestivum L.) in the Svet

growth chamber onboard the orbiting Russian space station, Mir, and in identical ground control

units at the Institute of BioMedical Problems in Moscow, Russia. Seedling emergence was 56 % and

73 % in the two root-module compartments on Mir and 75 % and 90 % on earth. Growth was vigorous

(produced ca. 1 kg dry mass), and individual plants produced 5 to 8 tillers on Mir compared with 3 to

5 on earth-grown controls. Upon harvest in space and return to earth, however, all inftorescences of

the flight-grown plants were sterile.

To ascertain if Super Dwarf wheat responded to the 1.1 to 1.7 p.mol, mo1-1 atmospheric levels of

ethylene measured on the Mir prior to and during flowering, plants on earth were exposed to 0, I, 3,

10, and 20p.mol. mo1-1 of ethylene gas and 1200p.mol. mo1-1 CO2 from 7d after emergence to matu-

rity. As in our Mir wheat, plant height, awn length, and the flag leaf were significantly shorter in the

ethylene-exposed plants than in controls; inflorescences also exhibited 100 % sterility. Scanning-

electron-microscopic (SEM) examination of florets from Mir-grown and ethylene-treated, earth-grown

plants showed that development ceased prior to anthesis, and the anthers did not dehisce. Laser

scanning confocal microscopic (LSCM) examination of pollen grains from Mir and ethylene-treated

plants on earth exhibited zero, one, and occasionally two, but rarely three nuclei; pollen produced in

the absence of ethylene was always trinucleate, the normal condition. The scarcity of trinucleate pol-

len, abrupt cessation of fioret development prior to anthesis, and excess tillering in wheat plants on

Mir and in ethylene-containing atmospheres on earth build a strong case for the ethylene on Mir as

the agent for the induced male sterility and other symptoms, rather than microgravity.

Key words: ethylene - microgravity - Mir - pollen - seed set - sterility - Super Dwarf - Svet - Triti-

cum aestivum - wheat

• E-mail corresponding author: FrankSals@aolcom

0176-1617/01/158/08-1051 $ 1500/0



I

1052 William F Campbell et ai

Introduction

Plants are known to be extremely sensitive to gravity. A young

plant stem that is growing vertically, for example, when placed

on its side or tipped only a few degrees from the vertical, will

right itself within a few hours (eg, Salisbury 1993). Thus, it is

of great interest to study plant growth in microgravity. If plants

can be grown through a complete life cycle (i.e., from seed-

to-seed) in microgravity, we can conclude that there is no

physical, chemical, or biological process that is so depend-

enl on gravity that plants cannot mature in its absence. It has

long been a goal of researchers in the field of plant gravitro-

ptsm, as well as space biologists, to see if, in the micrograv-

ity of an orbiting space vehicle, it is possible to grow plants

that are comparable in every important way with plants grown

on earth under identical environmental conditions except for

gravity

There is also a practical reason to grow highly productive

food plants in space: Such crops might supply oxygen, food,

and water and might remove CO2 and nitrogenous wastes

produced by human occupants of the space craft. Crops

used this way would be part of a bioregenerative life-support

system (BLSS) Such a BLSS could be critical to mankind's

long-term presence in space or reduced gravity environ-

ments as on the Moon or Mars (Dutcher et al. 1994, Halstead
P

and Dutcher 1987, Kuang el al. 1995, Salisbury 1999).

Wheat has been shown to produce extremely high yields

in controlled environments - nearly six times the world record

yields in the field (Bugbee and Salisbury 1988, 1989). During

1995 and 1996 in a joint United States/Russian project, we

grew a short cultivar of wheat, called ,,Super Dwarf,,, in the

Russian space station Mir (Bingham et al. 1995, 1997, Salis-

bury 1997). Mechanical problems plagued us in 1995, but

these were remedied, and we completed a 123-day experi-

ment in 1996 as well as a 39-day experiment in 1996/97. The

plants grew extremely well, producing more plant biomass

than in any previous space experiment (thanks to higher irra-

diance than in previous experiments), and in the 123-day ex-

periment, there were ca. 280 wheat heads produced. When

the plants were returned to earth, however, all the heads

proved to be sterile. Not a single seed was produced.

In our post-mortem discussions, we listed about a dozen

reasons why seeds might not have formed. Principal among

these were high CO2 water-logged substrate, anoxia, ethyl-

ene, and microgravity. Because density-driven convection

does not occur in microgravity, Kuang et al. (1993) sug-

gested that a high boundary layer of humidity might have

caused the failure of anthers to dehisce, or oxygen depriva-

tion might have impacted the anthers. Indeed, Kuang et al.

(1995) observed that after 6 d in spaceflight onboard the

space shuttle <Endeavour> (STS-54), A. thaliana exhibited

collapsed ovaries with empty ovules and deformed empty

microspores. Ethylene was not present in the post flight anal-

ysis of gas in each chamber. Instead, Kuang et al. (1995) at-

tributed the problem to 02 depletion in the boundary layer;

they demonstrated a solution by stirring the air in the cham-

ber during a later experiment, called Chromax 5. Murgia et ah

(1992) have shown that pollen viability is severely decreased

by anoxia Also, Quebedeaux and Hardy (1973) observed that

a 5 % oxygen atmosphere completely inhibited seed develop-

ment in soybean.

None of these suggestions applies to our experiment, how-

ever, because air was never stagnant in Mir's growth cham-

ber (called Svet): lans pulled it over the plants and past the

lamps. And with the lights on, those green plants were prob-

ably producing oxygen that kept their boundary layers well

supplied.

Another possible cause of sterility is root-zone anoxia,

which might have occurred for short periods during pro-

grammed water-status changes (Bingham et ah 1996 a, b,

1997, Yendler el al. 1996). mimicking the low atmospheric

oxygen content observed in flooded soils on earth (Thomson

and Greenway 1991). This seems unlikely, however, because

root-zone anoxia, if it occurred, was sporadic, whereas wheat

heads that formed over a six-week period were all sterile.

Wheat plants grown onboard Mir were exposed to high

levels of CO2 (4,000 to 10,0001.tmol. mo1-1, continuously moni-

tored by our infrared gas analyzer), which were super-optimal

and shown to reduce yield in wheat (Grotenhuis and Bugbee

1997, Jiang et al. 1998, Salisbury 1997, Voesenek et al. 1997).

Bugbee el al. (1994) and Grotenhuis and Bugbee (1997) ob-

served that elevating CO2 levels from 350 to 1,200tJmol • mo1-1

increased the seed yield of wheat and rice, Oryza sativa L., by

30 to 40 %, but CO2 enrichment of 2,500 to 20,000!umol mo1-1

reduced seed yield 25 to 35 % although it did not affect veg-

etative growth. Additionally, elevated COp levels of 1,000 to

10,0001.tmol mo1-1 increased ethylene synthesis in some plants

(Bugbee et al. 1994). Even at 10,000pmol mo1-1 CO2 however,

plants were never completely sterile

Of the possible causes of our wheat sterility, only two

seemed to have a high probability of actually being causal:

microgravity and the presence of ethylene in the Mir atmos-

phere. Ethylene has long been known to cause male sterility

and other effects in cereals (e.g., Abeles el al. 1992, Bennett

and Hughes 1972, Keyes and Sorrells 1990, Rowell and Miller

1971, Voesenek et al. 1997). In one study, ethylene generated

from ethephon (2-chloroethytphosphonic acid) spray applica-

tions induced abortion of sporogenous cells at both pre- and

postmeiotic stages of microsporogenesis in barley (Colhoun

and Steer 1983).

It is known that plants produce ethylene in response to

abiotic and biotic stresses throughout their development and

that ethylene levels even below 1 Izmol. mo1-1 (equivalent to

ppm by volume: ethylene, air -1) will induce adverse biologi-

cal activity (Abeles el al. 1992, Voesenek et al. 1997). More-

over, wheat plants have been shown to produce ethylene

during vegetative growth (Petruzzelli et al. 1994) and grain

filling (Beltrano eL al. 1994, Labrana et al. 1991). Finally, vari-

ous species of fungi are known to produce ethylene (see ref-



erencesinAbelesetal.1992),andover100speciesoffungi
wereidentifiedintheMirSpaceStation(L.Chernova,IMBP,
Moscow,Russia,personalcommunication,1997).A white
fungusgrewatthebaseofourSuperDwarfwheatplantsal-
thoughitdidnotappeartobedirectlyharmful

AlthoughtheMiratmospherehadnotpreviouslybeenana-
lyzedforethylene,thirteengassampleshadbeencollected
duringour1996experiment,andwhenthesewerere-ana-
lyzedtheywerefoundtocontainfrom1.1to1.7#mol.mol1
ethylenewithlevelsofabout1.4lumol•tool-1ethyleneconsist-
entlyduringtheanthesisperiod(Binghametal.1996a,James
etal.1998)Thus,weestablishedthehypothesisthattheob-
servedsterilitywascausedbyethyleneandnotbymicrograv-
ity.Threewaystotestthishypothesiswereapparent:

1. AddethylenescrubberstotheequipmentusedinMirto
growwheat,andthenrepealtheexperiment.Thisiscer-
tainlythemostobvioustest,butneitherNASAnorthe
RussianSpaceAgencywouldsupportsuchanexperi-
ment.(Itwassaidtobetoocostlytodeveloptheneces-
saryequipmentatthattime.)Suchanexperimentwillsure-
lybecarriedoutinfuturespacestudies.

2. Useawheatcultivarthatismoreresistanttoethylenein
theexistingequipment.Thishasbeendonesuccessfully
withApogee,acultivardevelopedspecificallyforspace
studiesandthusshortenoughtogrowinSvetonMir.Re-
centl"y,KlassenandBugbee(2000)haveshownthatApo-
geeistesssensitivetoethylenethantheSuperDwarfwheat
cultivar.AllSuperDwarfplantsreceiving1l_mol,mol-_
ethyleneor higherwere100%sterile,whiletherewas
someApogeeseedsetatthatlevelofethylene.Probably
becauseoftheethyleneinMir,onlyafewseedsofApo-
geewereproduced,butthesewerecarriedthroughase-
condgeneration;thatis,seed-to-see-to-seed(Levinskikh
etal.1999a).Detailswillbereportedelsewhere.

3. SeeifSuperDwarfwheat,grownunderethyleneconcen-
trationscomparabletothoseintheMiratmosphereduring
our1996experiment,exhibitsidenticalsymptomstothose
observedinourMirwheat,whichinadditiontothesterility
includedshortenedleavesandstems,excessivetillering,
andvariousmicroscopicfeaturesof thewheatheads.
Thisistheapproachdescribedinthispaper.

Inspiteoftheknowneffectsofethyleneoncereals,itwas
necessarytocarryouttheseexperimentsbecause,ofthestud-
iesoncerealsterilityknowntous(e.g.,BennettandHughes
1972,Fosteretal.1991,KeyesandSorrells1990,Rowelland
Miller1971,andTayloretal.1991),allbutoneusedethephon
(2-chloroethylphosphonicacid;Ethrel)insolutionappliedto
theirtestplantsasthesourceofethylene,makingitimpossible
to comparetheirresultswithourown.Theoneexception
(ReidandWatson1985)grewoats(Avenasaliva L) and not

wheat; ethylene reduced the number of fiorets/plant from 464

in the zero ethylene control to only two in the 0.150pmol. mol -_

ethylene treatment. To our knowledge, the results reported
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here are the first to test a series of low ethylene concentra-

tions on growth and reproduction of wheat, especially at high

CO2 concentrations.

Although our 1996/97 experiments in Mir were the first to

produce quantities of plant biomass in microgravity compara-

ble to those produced in ground controls, there is a relatively

long history of plant experiments in space. Scientists in the

former Soviet Union were able to grow plants for several

months on Salyut-4, 6 and 7 (Dubinin et al. 1977, Gorkin et al.

1980, Kodyum et al. 1983, Merkys et al. 1981, Merkys and

Laurinavichyus 1983) and in their orbital space station Mir

(Mashinsky et al. 1994, Nechitailo and Mashinsky 1993). Work-

ing with carrot (Daucus carota L.), cucumber (Cucumis sativus

L.), dill (Anethum graveolens L.), onion (Allium cepa L.), pea

(Pisum sativurn L.), radish (Raphanus satwus L.), and wheat

(Triticum aestivum L.) onboard various spaceflight vehicles,

the Soviets obtained fair vegetative growth from germinated

seeds, but plant death occurred routinely at or before the

flowering stage. Moreover, numerous long-term plant experi-

ments in space failed to produce normal growth (vegetative

biomass or seed yield) compared with those grown on earth

(Dutcher et al. 1994, Halstead and Dutcher 1987, Mashinsky

et al. 1988, Merkys and Laurinavichyus 1983, Nechitailo and

Mashinsky 1993).

After many attempts, however, Merkys and Laurinavichyus

(1983) were successful in growing Arabidopsis thaliana (L)

Heynh. from seed-to-seed in Salyut-7. Yet the seeds pro-

duced in space were shrunken and exhibiled a 38 % reduc-

tion in germination compared to seeds from earth-grown con-

trol plants. Cowtes et al. (1984) also reported reduced vigor

of oats (Avena saliva L.), mung bean (Vlgna radiata (L.) WiF

czek.), and pine (Pinus elhotti Engelm.) seedlings on the

shuttle Orbiter STS-3. Conger et al. (1998) also observed that

11 days on shuttle Orbiter STS-64 dramatically suppressed

the initiation and development of somatic embryos from meso-

phyll cells of orchard grass (Dactylis glomerata L.) grown in

vitro, whereas normal somatic embryos were initiated and de-

veloped from similarly cultured leaf segments in earth-grown

controls. Krikorian and O'Connor (1984) observed chromo-

some breakage and bridge formation in space-grown oat

and sunflower (Helianthus annuus L.) seedlings.

More recently, the reports of Kuang et al. (1996) are en-

couraging as they observed normal development of seeds in

Arabidopsis thaliana plants that flowered during 11 days in

space on shuttle Orbiter STS-68. Also, Krikorian et al. (1981)

flew totipotent cells and cell clusters of carrot onboard Cos-

mos 782 and 1129 Biosateltites. They observed that carrot

embryos developed into well-defined plants with no detect-

able differences between space- and earth-grown plantlets.

Mashinsky et al. (1994) achieved the formation of a single

spike on Super Dwarf wheat grown in a small cylinder (called

Svetoblock-M) onboard the Mir, but it remained seedless

Upon return to earth, tillers that formed while onboard Mir

matured and produced seed when placed under higher light

intensity and ambient CO2. The experimenters did not as-
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cribe these poor responses to m_crogravity, but to environ-

mental and micro-environmental factors on Min low photo-

synlhetic photon flux, short photoperiods, high to toxic levels

of CO2 (typical for virtually all space experiments), inade-

quate water distribution in the rooting medium, or perhaps

some unknown factor(s) that delayed the flowering process

Mashinsky et al. (1994) suggested that wheat was capable of

forming reproductive organs in spaceflight provided condi-

tions similar to those required lor plant growth on earth were

met.

To reiterate, the objectives of our earth-grown Super Dwarf

wheat experiments were to establish a dose-response curve

of Super Dwarf wheat to low levels of ethylene gas in the

presence of elevated CO2, observing vegetative growth and

floral development. We present here the comparative floret

development of Mir-grown and ethylene-treated, earth-grown

wheat plants with analyses of the cause(s) of Super Dwarf

wheat sterility

were measured hourly by 16 moisture sensors (lwo rows of four each

4n each compartment, placed al 40 and 7.0cm in lhe substrate) Ap-

proximately 65 % relative water conlent was maintained in each of the

root compartmenls (Bingham et al 1996 a, b Salisbury 1997, Yendler

et al 1996)

Flight experiment: harvest, preparation, and

examination of plant material from Mir

Wheat plants, both ground controls and on Mir, were sampled at 21,

39, 52, and 63d and harvested at 123d from emergence Fresh sam-

ples were stored in plastic bags containing aqueous fixative (40 g. L -1

formaldehyde, 10g L -1 glularaldehyde, buffered with 01 mol-L -_ ca-

codylate at pH 7.2; McDowell and [rump 1976) Dry samples were

stored in ,,Sorb-it-Silica _M,, (Silica Gel, Fisher Scientific, Pittsburgh,

PA) Upon return to earth, all Mir- and earth-grown spikes were exam-

ined over a narrow slit ol lighl (makes seeds visible) to monitor for

seeds M_r-grown spikes showed 100 % sterility compared with rela-

lively good seed set on earth-grown spikes (Levinskikh et al. 2000)

Materials and Methods

Flight experiment: Super Dwarf wheat plants growing

conditions on Mir

The Svet (means light in Russian) growth chamber onboard the Rus-

,s_n space station Mir (means peace in Russian) has 0.1 m 2 of grow-

ing area, and accommodates plants up to 40cm tall (Bingham el al

1995. Salisbury 1997). The Svet was designed by Russian (Institute of

BioMedical Problems: IMBP) and Bulgarian scientists and built at the

Space Research Institute, Sofia, Bulgaria under the supervision of Ta-

nia Ivanova. Ground-based controls at IMBP in Moscow were grown

in a Svet unit identical to the one on Mir. Fluorescent lamps (Osram

Delux S, 11W, Sylvania cool white, Branch of Siemens Co., Danvers,

MA) provided light at a photosynthetic photon flux (PPF= micromoles

of photons between 400 and 700 nm per square meter second) of

400lumol .m -2.s -r with 18 to 23h of light and 1 to 6h darkness and

temperature regimes of ca. 27/21 °C (day/night). An environmental

control system capable of measuring several parameters including

CO2 was built at Utah State University (Space Dynamics Laboratory)

and installed in Svet, Detailed description of the hardware can be

found in Bingham et al. (1995, 1996a, b).

The root module contained two compartments, each 31,9 cm long,

17.5 cm wide, and 9.0 cm deep (Salisbury 1997). These were filled

with a plant-nutrient-loaded clinoptileolite {Cp) zeolite (1-2 mm diam-

eter particles) called Balkanine (supplied by Tania Ivanova). The zeo-

lite is a natural hydrated aluminosilicate mineral with a high degree of

internal tunneling and cation exchange capacity (Boettinger and Gra-

ham 1995, Ming and Mumpton 1989) Twenty-six seeds of wheat (Trite-

cure aestivum L cv. Super Dwarf: CIMMYT selection CMH79,481-

1Y8B-2Y-2B-OY; Salisbury el al 1998), previously attached to plastic

strips with a water-soluble white glue (Levinskikh et al. 1999a, b) were

placed 1 cm below the surface between two cotton-fabric wicks in

each of the two rows (26 seeds/row) of each root compartment for a

total of 104 seeds. Water was injected through hydroaccumulators

embedded in the Balkanine medium in each of the two compartments

and transferred by capillary action through the wicks directly to the

seeds and the surrounding Balkanine Water quantity and distribution

Dose-response experiment: plant growing conditions

on earth, ethylene treatment

Super Dwarf wheat seeds were planted into 0.071 m 2 hydroponic

plastic flats and covered wilh 2 mm diameter extruded diatomaceous

earth (Isolite, Sundine Enterprises, Arvada, CO). Plastic flats were

placed in six plexiglass hydroponic cylinders (30cm dia., 50cm tall;

total volume = 35 L) in a controlled-environment chamber {Percival,

Model PT-80, Boone, IA) at 23 ± 2 °C day/night. Air flow to each cylin-

der was maintained at 20 L-min I and regulated by large rotameters

(Model RMA, Dywer Instrumenls Inc, Michigan City, IN). Fans in the

top of each cylinder mixed the inlernal air and maintained relative hu-

midity al about 80%. Oxygen in the nutrient medium, which remained

constant at 85 % of saturation or greater, was replenished as it cas-

caded back into the reservoir. Atmospheric pressure at Logan, UT

(1400m elevation) was 86+_ 1 kPa (85% of sea level) Carbon dioxide

level was mainlained at 1200 _mol. mot 1 (micromoles of CO2 per

mole of air) throughout the study (Grotenhuis and Bugbee 1997). Pure

CO2 and ethylene gases were mixed with filtered air pumped from

outside the building, and plants' exposure to ethylene gas dilutions of

0, 1, 3, 10, or 20_mol-mo1-1 began 7d after emergence. Recirculating

nutrient solutions specifically developed for wheat were pumped into

each cylinder from the reservoir by a magnetic-drive pump at a rate

of 0.08 L. s -1 (Grotenhuis and Bugbee 1997). Gas levels of each planl

cylinder were controlled by small rotameters (Model RMA, Dywer In-

struments Inc.) and monitored by gas chromatography.

Plant exposure to cool-white light (PPF between 32.4 and

36 mol. m -2. d-1, given at 450-500 i.tmol • m 2.s 1) began 10 d after

seeding with a daily 12 h photoperiod This day was appointed as the

emergence date as it was the plants' first exposure 1o light. Plants

were thinned to ca. 30 plants per cylinder at emergence. Fourteen

days after planting, the daily photoperiod was increased to a 20/4 d/n

regime. Mylar skirts were placed around the cylinders and main-

tained at the same height as the plants to minimize the influence of

side lighting and to imitate canopy conditions noted in the center of

field plots.
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Table 1. Size of anthers and pollen grains in standard wheat vanet=es compared to Mir-grown and ethylene-treated, earth-grown Super Dwarf

wheat

Anther
Pollen grain References

Ln (mm) Dia. (p.m)Width (mm) Size (ram 2)

Std Wheat

Chinese Sp

Super Dwarf

Grnhs_

Mpr

C2H4

NASA/ARC

2 p.mol • mol-

USU

Control

1 !umol. mol-

3 p.mol - mol-

10 I.lmol- mol-

20 IJmol. mol-

3.19 441 057-1.07 1.82-472 471-527 Kherdeetal 1967

345 - - - De Vries 1971

153_+0.05 0.41 ::1:0.01 0.63::1:0.03 46.1 _+16

1.38+0.13 0.33-+0.02 0.46-+0.03 41 8_+ 1.4

33.8_+0.6

43.0::1:0.05

38.4_+0.08

37.9_+0.09

36.1 _+0.08

35.6±0.25

Dose-response experiment: harvest, preparation, and

examination of ethylene-treated plants on earth

Plants were sampled at 63, 77, 85, and 88 d after emergence for mor-

phological and SEM and LSCM studies of developmental stages of

ontogeny.,,,Morphological data measured included plant height (ram),

number of tillers, number of leaves per tiller, spike length (mm), awn

length (mm), internode length (ram), number of spikelets per spike,

number of nodes per rachis, number of florets per spiketet, and per-

cent seed sel. The experiment concluded when the control plants

reached physiological maturity at 88 clays after emergence, deter-

mined by the loss of green color in the seeds.

Kit (Molecular Probes, Eugene, OR). Slides were cover-slipped and

sealed with cyanoacrylate glue to minimize oxidation of the dye. The

BioRad MRC-1024 LSCM was equipped with an Argon-Krypton (Ar-

Kr) laser. Pollen grains were optically sectioned and examined with

the LSCM interfaced with a Nikon Eclipse TE-300-inverted micro-

scope. By raising or lowering the sample in discreet steps, thin op-

tical fluorescent sections were generated and with the appropriate

computer software were combined into a composite image. The Ar-Kr

laser produces light centered at 488 and 568 nm, with the generated

wavelengths overlapping at 536 nm The light at 536 nm caused the

propidium iodide in the pollen nuclei to fluoresce, generating light

centered at 617nm.

Scanning electron microscopy (SEM) procedures

Wheat flowers consisting of pistils, stamens, and Iodicules were ex-

cised from the fixed spikelets, dehydrated with graded series of ethyl

alcohol, acetone, and tetramethylsilane (TMS), and evaporated over-

night at 25 °C. The processed floral tissues from Mir and the ground

controls were mounted onto circular aluminum stubs (15ram dia) with

an inert glue, -Torr SeaITM,, (Ted Pella, Inc., 3595 Mountain Lakes

Bird, Redding, CA). To enhance the contrast and density of the tis-

sues, between 12.6 and 21.0 nm of gold (Au) and palladium {Pd)

(60% :40%) were evaporatively applied to the tissue surfaces with an

Ion Beam Sputterer (Model IBS/TM200S, VCR Group, Inc.). The ion

gun produced 5 kV and 2 mA. Specimens were examined and photo-

graphed with a scanning electron microscope (Hitichi S-4000) at an

accelerating potential between 2 and 5 kV.

Laser scanning confocal microscopy (LSCM) procedures

Anthers were crushed to expose pollen grains and incubated in

2501._L propidium iodide in 50 % ETOH and 1001_L of dimethyl sulf-

oxide (DMSO) for one hour in darkness in 2mL microfuge tubes. After

centrifugation for 5 min at 1200 rpm, the supernatant was decanted,

and a portion of the pellet was placed in 100t_L of Prolong Antifade

Results and Discussion

Flight experiment: observations on Mirogrown Super

Dwarf wheat plants

Emergence percentages recorded from seeds in compart-

ments one and two of the root module 7d after planting were

56% and 73% on Mir and 75% and 90% on earth. Seedling

growth was vigorous until the onset of anthesis, at which time

the main spike and primary tiller spikes began to senesce,

and new tillers with spikes were formed producing 5-8 tillers

per plant on Mir compared with 3-5 on ground controls. Vid-

eo tapes (14 total) were taken of plants on Mir and trans-

mitted to earth at intervals. These videos showed what ap-

peared to be normal ontological stages of development with

the largest biomass of wheat plants (280 spikes harvested)

ever produced in microgravity. Although we only received

fixed or mature, dry plants, and almost half of the plants were

removed for sampling, we estimate that the fresh mass would

have exceeded a kilogram if all plants had been allowed to

mature. Because of the repeated tillering, anthesis continued
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Figure3. Scanning electron m_crograph of stamens and pistil excised

from a wheat plant grown _n Svet onboard the Mir Space Station

Note the dry, withered and shrunken conditions of the Stamens, pistil

and Iodicutes

Figure 1. SEM of floret harvested from a Super Dwarf inflorescence

63d after emergence in Svet onboard Mlr and stored in chemical fi×-

at,we The stigma (ST) has not yet unfurled Stamens, pistil, and the

enlarged Iodicules (L) indicate thai the floret is in the pre-anthesis

stage. The Anther (A) appears normal (Anther length: ca 14 mm:

see Table 1)

Figure 2. Super Dwarf wheat floret harvested from earth-grown con-

trois. Stamens, pistil, and enlarged Iodicules indicate that this floret

was at the onset of anthesis. The feathery stigma of the ovary has un-

furled. Anthers have started to dehisce, but pollen grains were not yet

evident on the stigmatic surfaces (Anther length: ca. 15mm; see Ta-

ble 1)

for approximately 40 d Plants were all sterile upon harvest

and return to earth. No pollen grains were evident on the stig-

matic surfaces of Mir ovules in contrast to the commonly ob-

served pollen-covered stigma of developing ground plants.

Measurements of wheat anthers from SEM micrographs indi-

cated that anthers developed on ground-control plants were

10% longer and 20 % wider than those from Mir (Table 1).

Also, pollen grain diameters were 9 % greater in controls than

those from Mir-grown plants.

In Mir-grown plants, development of the primary and tiller

stems produced normal-looking spikes over a six-week pe-

riod. Examination of Mir-grown florets (Fig. 1) containing pis-

tils, stamens, and Iodicules indicated that, although they

were delayed in development, they were developing similarly

to those produced in ground-based growth chambers (Fig.

2). The swollen Iodicules and the firm pistil and stamens sug-

gests that the florets were approaching or were at the onset

of anthesis. All florets from Mir that were examined, however,

indicated a cessation of development in about the same

stage of ontogeny; that is, prior to anthesis, at which time the

floret began to senesce, the anthers did not dehisce, and

pollen grains began to collapse (Fig. 3). The pistil, stamens,

and Iodicules from a floret harvested 123 d after emergence

clearly showed that they ceased development and began to

senesce prior to anthesis; all of the organs appeared to have

collapsed (Fig. 1-3). Manually or accidentally ruptured an-

thers were observed to contain an abundance of pollen grains

(Figs. 4 and 5), and the exine surfaces of Mir-grown pollen

grains were similar to those produced on the ground. Pollen

grains from ground controls harvested at full maturity showed

only minor shrunken grains (Fig. 5).



Figure 4. A manually ruptured anther showing senesced, collapsed

pollen grains from Mir-grown wheat harvested at 63 d after emer-

gence, (Pollen diameters: ca. 42#m; see Table 1.)
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Dose-response experiment: observations on ethylene-

treated, earth-grown Super Dwarf wheat plants

As noted in the introduction, it is well known that ethylene gas

(nearly always supplied as ethephon) can cause male sterility

in cereals, and measurements of samples of Mir atmosphere

indicated the presence of ethylene at levels of 1.1 to

1.7#mol-mot -1, consistently about 1.4 p.mol, tool -1 during the

anthesis period (Bingham et al. 1996 a, James et al. 1998)

Thus we directed our efforts at studying responses of Super

Dwarf wheal to various concentrations of gaseous ethylene•

(Some members of our group, working with others, have now

extended these studies to ethylene concentrations as low as

0.050p.mol. mot-l; the results will be published elsewhere.)

To confirm that the Super Dwarf wheat cultivar was sensi-

tive to the level of ethylene measured onboard the Mir, we ex-

posed plants to 0, 1, 3, 10, and 201.tmol- tool 1 of ethylene

gas and 1200 l.tmol, mo1-1 CO2. There were significant reduc-

Figure 5. A ruptured anther showing senesced pollen grains from

earth-grown wheat harvested 63 d after emergence, Note the number

of pollen grains still in a firm, circular shape. (Pollen diameters: ca

461.Lm; see Table 1.)

Figure 6. SEM of an earth-grown wheat floret at anthesis. This floret

had been exposed to 201.tmol ' mol -_ ethylene for 81 d. The large bo-

dies below the middle anther are Iodicules, which have shrunk slightly.

(Anther lengths: ca. 1.3mm.)

Table 2. Morphometric responses of earth-grown Super Dwarf wheat plants at elevated CO2 (1200 p_mol mol -_) and varying levels of ethylene

gas - Logan, UT

Ethylene Level Plant Height No. of Spike Awn No. Rachis Florets/ Percent

I.Lmol ' mol- _ (mm) Tillers Ln (mm) Ln (mm) Nodes Spikelet Fertility

0 391 -+ 8.2 5.6+ 1.3 57.9:t: 1.5 50.9+20 17.2±0.4 3.9±0.1 53.0±35

1 275± 7.3 8.0+0.7 44.2+1.7 8.8±1.1 17.2±1.1 10.1±1.1 0.0

3 251 ± 4.7 12.6+2.2 40.4+ 1.9 6.7+0.2 16.8+0.5 12.5+ 1.1 0.0

10 221 + 13.4 15.4±5.2 40.0+3.2 6.6+0.5 16.2±0.4 11.1 ± 1.3 0.0

20 199__+ 5.5 15.2+3.2 43.8::1:0.6 9.3+ 1.4 15.8:1:1.0 11.5+ 1.7 0.0
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A B

Figure7. A LSCM of pollen grains from con-

trol Super Dwar! wheat showing three propi-

dium-iodide-stained nuclei B. LSCM of pol-
len grains of Super Dwarf wheat exposed tc

1 _mol-tool -1ethylene. Note that some pollen
grains have only one or two nuclei

lions in plant height, spike length, awn length, number of ra-

chis nodes on the spike, and percent fertility, whereas number

of tillers and number of fiorets per spikelet increased signifi-

cantly with increased ethylene levels (fable 2). Spike and til-

ler awn lengths, number of rachis nodes, and number of flo-

rets per spikelet decreased with increased levels of ethylene

(data not shown). Ethylene was consistent in inducing epi-

nasty in leaves of primary and tiller plants (a length-wise curl-

ing into a cylinder). All the ethylene-treated plants in this ex-

periment exhibited 100 % sterility. SEM examination of florets

showed that their development proceeded normally but

ceased prior to anthesis, and the anthers did not dehisce,

thus mimicking Mir-grown wheat (Fig. 6). LSCM examination

of pollen grains exposed to 1 IJ.mol mo1-1 ethylene or higher

exhibited zero, one, and occasionally two, but rarely three

nuclei, whereas those from earth-grown control plants were

normally trinucleate (Fig. 7). At 10 and 201.tmol- mo1-1 ethyl-

ene, 90-95 % of the pollen grains did not contain any nuclei.

An examination of 8 to 101J.m paraffin serial sections with a

light microscope (Moscow State University) also indicated

that pollen grains in the Mir-grown wheat had one or two, but

rarely three nuclei as compared to the trinucleate stage ob-

served in fertile earth-grown florets (Levinskikh et al. 1999 a, b,

2000, Veselova et al. 1999).

As noted, both anthers and pollen were smaller in ethyl-

ene-treated plants than in control plants (Table 1). Bennett

and Hughes (1972) reported similar results although they

used ethephon instead of gaseous ethylene. They noted that

in fiorets in which male sterility had been induced, anther de-

velopment was abnormal. Also, anthers from treated plants

were smaller in size, and extrusion and dehiscence often

failed compared with normal anthers. On rare occasions

when dehiscence did occur, sterile pollen was released. Pol-

len grains did not contain any starch grains or elongated

sperm nuclei, and sometimes more than three nuclei were

observed. We have seldom observed three nuclei in pollen

grains produced on the Mir or in ethylene-treated plants and
never more than three.

The developmenl of primary and numerous tiller spikes of

wheat occurred in all of the ethylene treatments, but anthers
that formed on the inflorescences did not dehisce nor did

they have any fertile pollen. Flowering in wheat as in other

seed-producing plants consists of a number of complex, se-

quential stages of ontogeny that involve pollen and embryo

sac development, pollination, fertilization, and embryogene-

sis. Ethylene gas interrupts a crucial stage of reproductive

development; namely, pollen development and anther dehis-

cence, thus causing a failure of seed set as reported earlier

(Bennett and Hughes 1972, Reid and Watson 1985, Rowell and

Miller 1971, 'faylor et al. 1991).

Evidence supporting ethylene as the cause of wheat

sterility onboard Mir

Ethylene is a known potent inhibitor of seed set in wheat and

other cereals by inducing male sterility. Ethylene also promotes

tillering, reduces stem growth, and causes leaf epinasty. We

have observed all these characteristics in Mir-grown wheat.

Although the cellular processes that regulate anther-cell

differentiation and pollen release are not known, the sequen-

tial events leading to viable pollen begin with meiosis and

proceed in a precise chronological manner (Goldberg et al.

1993). There are, however, many sites along the develop-

mental pathway in which disruptions may occur. The pres-

ence of pollen that appeared to be normal suggests that the

initial phases of microsporogenesis occurred in the wheat

plants grown onboard the Mir Space Station, but the anthers

did not dehisce. Expansion of the ovary in Mir-grown wheat

florets suggests that megasporogenesis was initiated as well

as the swelling of the Iodicules preparatory to anthesis

(Leighty and Sando 1924).

Based on Super Dwarf wheat responses in this study, lev-

els of ethylene and CO2 onboard Mir were critical during the

plants' development. Thus, future flight experiments with crop

plants must consider scrubbers to lower or remove ethylene,

which interferes with normal anther development and dehis-



cence and causes abnormal nucleation of pollen grains lead-

ing to male sterility CO2 levels might also have to be re-

duced. Installation of filters 1o remove impurities from the at-

mosphere were thought to have contributed to the success of

growing A, thaliana through an entire life cycle on Salyut-7

(Merkys and Laurinavichyus 1983)

Considering the vigorous growth of our plants, we have

every reason to expecl that - in spite of the known sensitivity

of plants to gravity - wheat and other plants can produce

near-normal seed yields in microgravity when all other envi-

ronmental factors are maintained at appropriate levels (Le-

vinskikh et al. 1999 a, b, 2000). As noted in the Introduction,

these expectations were at least partially confirmed by the

few seeds produced with Apogee wheal grown in Mir, even

with its atmospheric ethylene (Levinskikh et al. 1999a).
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